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ABSTRACT 

Aims. We present empirical color transformations between the Sloan Digital Sky Survey (SDSS) ugriz photometry and Johnson-Cousins 
UBVRI system and Becker's RGU system, respectively. Owing to the magnitude of data that is becoming available in the SDSS photometric 
system it is particularly important to be able to convert between this new system and traditional photometric systems. Unlike earlier published 
transformations we based our calculations on stars actually measured by the SDSS with the SDSS 2.5-m telescope. The photometric database 
of the SDSS provides in a sense a single-epoch set of 'tertiary standards' covering more than one quarter of the sky. Our transformations 
should facilitate their use to easily and reliably derive the corresponding approximate Johnson-Cousins or RGU magnitudes. 
Methods. The SDSS survey covers a number of areas that were previously established as standard fields in the Johnson-Cousins system, in 
particular, fields established by Landolt and by Stetson. We used these overlapping fields to create well-photometered star samples on which 
our calculated transformations are based. For the RGU photometry we used fields observed in the framework of the new Basel high-latitude 
field star survey. 

Results. We calculated empirical color transformations between SDSS photometry and Johnson-Cousins UBVRI and Becker's RGU system. 
For all transformations we found linear relations to be sufficient. Furthermore we showed that the transformations between the Johnson-Cousins 
and the SDSS system have a slight dependence on metallicity. 
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1. Introduction 

The Sloan Digital Sky Survey (SDSS) is the largest pho- 
tometric and spectroscopic survey in the optical wavelength 
range. The SDSS is mapping one quarter of the entire sky and 
is measuring posi tions and magnitud es for over 100 million 
celestial objects dYorket al.ll200ol lGrebelll200ll) . The SDSS 
phot ometric system was specifically des igned for the survey 
jFukugitaetai]ll996l ISmifh et alJl2002l) . but many observa- 
tories worldwide have since purchased SDSS filters as well. 
The five SDS S ugriz filter s are a modified Thuan-Gunn sys- 
tem jThuan & Gunnl 19761) . Their most prominent feature are 
the wide passbands, which cover an effective wavelength range 
of ~ 380 nm to ~ 920 nm, and the lack of overlap between 
neighboring passbands. These properties ensure a high effi- 
ciency for faint object measurements, independent spectral in- 
formation in each band, and coverage of essentially the entire 
optical wavelength range accessible from the ground. 



* Guest User, Canadian Astronomy Data Centre, which is operated 
by the Dominion Astrophysical Observatory for the National Research 
Council of Canada's Herzberg Institute of Astrophysics. 



The SDSS provides a photomettic catalog of unprecedented 
depth, homogeneity, and quality. Owing to the magnitude of 
the data that are becoming publicly available in this new pho- 
tometric system dStoughton et al.ll2002HAbazaiian et afll2003l 
|2004 120051 lAdelman-McC arfhv et alJ2006J) . it is important to 
have well-calibrated transformation relations between this sys- 
tem and traditional pho tometric systems such as the Johnson- 
Cousins system (Johns on & Morgai]ll953t ICousinsl| 19761) . It 
is easy to imagine situations where one wishes to know, e.g., 
the V-band magnitude of a star of interest that happens to 
be in the SDSS database and for which no other photometry 
is available. Moreover, the large area coverage of the SDSS 
and the high quality of its drift-scan photometry make it also 
suitable as a source of 'tertiary standards', although there is 
no information on variability for the majority of the SDSS 
objects. This disadvantage is compensated by the large num- 
ber of photometered sources even within a small patch of the 
sky. Thus a few variable objects will merely appear as out- 
liers and will not have a major effect on a photometric trans- 
formation. Also, if observations in a traditional photometric 
system are being obtained during a non-photometric night, 
existing ttansformable SDSS photometry of the same field 
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will prove very useful for at least a n approximate photomet- 
ric calibration dKoch et al.ll2004albl) . Other large-area photo- 
metric surve y catalogs are already being used in this manner; 
for ins t ance. lUdalski et alJ Il998t Eood 120021): lEpchtein et all 
lll999i) : IZaritskv et alJ d2002ll2004l) : ISkrutskie et al.1 d2006l). 

Pri or to the start of SDSS observations. iFukugita et all 
(1996) derived theoretical transformation relations between 
the Johnson-Cousins system and the SDSS u'g'r'i'z' system. 
The primes refer to the filter-detector combination envisioned 
to be used at the 20" photometric monitoring telescope at 
Apache Point Observatory. This auxiliary telescope observes 
SDSS photometric standards while the science observations 
are done in drift-scan mode with the actual SDSS survey tele- 
scope, a dedicated 2.5-m telescope at the same site (see, e.g ., 
York et alJd2000l):IStoughton et alJd2002l) : lGunn et afl j2006)). 
Fukugita et alJ d 19961) calculated synthetic magnitudes using 
the planned filter-detector combinati ons and spectral energy 
distributions of stars from the iGunn & Strvkerl d 19831) spec- 
trophotometry atlas. These synthetic magnitudes were then 
use d to determi ne photometric transformations. 

ISmithet ail 12002) calculated transformations between the 
SDSS u'g'r'i'z' system and the Johnson-Cousins photometric 
system based on actual observations in u'g'r'i'z' filters. In this 
context the primes refer to the SDSS filter-detector combina- 
tion used at the 1 .0-m telescope at the US Naval Observatory 
(USNO), Flagstaff Station. These observations were used to set 
up a system of 158 bright standard stars that define the u'g'r'i'z' 
syste m and to derive the above mentioned transformation equa- 
tions. ISmith et alJ §002) point out that there are "small but 
significant" differences between the USNO SDSS filters and 
the SDSS filters used at the 2.2-m telescope at Apache Point 
Observatory, leading to expected systematic differences be- 
tween the USNO magnitude s and the final SDSS magnitudes. 

Similarly, Kar aali et alJ J2005I) used observations obtained 
in u'g'r' filters at the Isaac Newton Telescope (INT) at La 
Palma, Spain. These filters were designed to repro duce the 
SDSS system. These data were complemented by Landolt 
ill 9921) UBV standard star photometry and used to calcu- 
late transformations between the INT SDSS u'g'r 1 filter- 
detector combina tion an d standard Johnson-Cousins photome- 
try. [Kanyd^uiOl|20O5) presented for the first time transforma- 
tion equations depending on two colors. Since the INT filters 
and detector differ from the actual filter-detector combinations 
used by the SDSS, again systematic deviations are to be ex- 
pected. 

Direct empirical transformations between SDSS point- 
source photom e try fr om the "early data release" (EDR; 
IStoughton et alJ J2002I)') and certain Johns on-Co usins filters 
were c a lculate d by Odenkirc hen et alJ 11200 II) and bv lRave et alJ 
J2003I) . iRave et alJ d2003h based their transformations on re- 
solved stellar photometry of the Draco dwarf spheroidal 
galaxy obtained with the SDSS as well as with various other 
telescopes in different variants of the Johnson-Cousins sys- 
tem. The SDSS EDR phot ometry was then superseded by 
later SDSS data releases dAbazaiian et"ai]l2003[ Eool l2005t 
lAdelman-McCarthv et al.l2006l) . 

A recent theore tical transformation was carried out by 
Idirardi et alJ d2004l) . These authors used the actual SDSS 
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Fig. 1. Comparison of the (normalized) filter curves of the 
Johnson-Cousins UBVRI passbands (upper panel, the SDSS 
ugriz passbands (middle panel), and Becker's RGU photom- 
etry in the lower panel. 

passbands a nd CC D sensitivity curves of the SDSS camera 
(Gu nn et all 1 19981) employed at the 2.5-m SDSS telescope 
at Apache Point Observatory to transform theoretical stellar 
isochrones into the SDSS ugriz system. 

The third photometric syste m that we are c onsidering here 
is the RGU system by Becker (Becker 1946), a broad-band 
photometric system that was initially introduced with the goal 
of measuring stellar parameters and Galactic structure. No ear- 
lier transformations between SDSS photometry and RGU pho- 
tometry have been publishe d. For transformatio n relat i ons be - 
tween RGU and UBV see ISteinlin I dl968albl) : lief] dl972l) : 
lBuserldl978albl) . While RGU photometry is not widely used, 
it plays a continuing role due to the existence of the "new 
Basel high-latitud e field star survey" dBuser & Kaserl IT*985t 
Bus er et al1ll998l) . The goal of this single-epoch photographic 
survey is to map the Galactic density structure and the metal- 
licity distribution in the various components of the Milky Way. 
For this purpose, 14 intermediate and high-latitude fields were 
observed, in which three-color RGU photometry of over 18 000 
stars was measured. The limiting magnitude of this Galactic 
survey is approximately G ~ 19 or V ~ 18. This survey 
may seem to be obsolescent by modern standards due to its 
small number of stars, the shallow exposures, the limited pho- 
tographic resolution, and the availability of much deeper, more 
homogeneous, and much larger CCD surveys. On the other 
hand, this photographic survey has played an imp ortant role 
in unc overing the structure of our Galaxy (e.g.. IBuser et alJ 
(1999)). Transformation relations between SDSS and RGU 
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photometry help to evaluate the earlier findings with respect 
to modern explora t ions of the structur e of the Milky Way (e.g., 
IChen et all J200ll) : ljuric et alJ 42005b l. The Basel survey pro- 
vides star counts (or space densities) also for distances rela- 
tively close to the Sun, whereas there is a gap at these dis- 
tances in studies carried out using SDSS data due to the sat- 
uration limit at r ~ 14. Space densities for stars with brighter 
apparent magnitudes can be combined with Hipparchos par- 
allaxes, thus providing reliable Galactic model parameters. 
Mor eover, the me tallicity sensitivity of the RGU system (e.g., 
Buser & Fenkart ( 1990)) adds continuing value to the Basel 
high-latitude field star survey. Finally, this survey comprises 
a number of important Galactic sight lines that are not included 
in the currently available wide-field CCD surveys, and the anal- 
ysis of these sight lines is continuing. 

Here we present empirical color transformations between 
the SDSS ugriz photometric system using point-source pho- 
tometry obtained with the SDSS 2.5-m telescope at Apache 
Point Observatory, and the Johnson-Cousins UBVRI system as 
well as the RGU system, respectively. These empirical colors 
have the advantage of not having to rely on synthetic colors or 
on passband-detector combinations of other telescopes. Hence, 
they provide the most direct transformations possible. In Sect. 
2 we present the sources of our star samples and the criteria 
applied to choose the stars. Section 3 contains our calculations 
and the resulting transformation equations. In Sect. 4 we dis- 
cuss our results and some possible future developments. 

2. Data 

Our goal is to derive empirical transformations between the 
SDSS photometry as defined by the public SDSS data and the 
two other aforementioned photometric systems while minimiz- 
ing the dependence on specific filter-detector combinations that 
deviate from the generic ones. The data used for our transfor- 
mations were taken from the four different sources described 
below. 

The SDSS data rele ase 4 (SDSS DR4; 
lAdelman-McCarfhv et alJ |2006)) comprises stellar point- 
source magnitudes provided by th e SDSS photometry pipelines 
jLupton etalJkOOll IStoughton etaD Eo02). This point-source 
photometry is not expe cted to change anymore betwee n DR4 
and later releases (e.g. JAdelman-McCarfhv et alJ fcOOcj) '). 

2.1. Johnson-Cousins photometry 

For Johnson-Cousins photometry the most generic standard 
star database available that lends itself to a comparison is the 
system of standard star s set up by A. Landolt, in particular 
the catalog published bv lLandoltllll992ll . This catalog contains 
an extensive set of mainly equatorial fields observed repeat- 
edly with photoelectric aperture photometry. A number of the 
Landolt fields overlap with the area scanned by the SDSS. The 
Landolt photometry is widely used to transform and calibrate 
imaging data. The Landolt stars cover a V-magnitude range of 
approximately 11.5 to 16.0. With respect to SDSS photome- 
try, the Landolt standard stars have one drawback: Many of 
them are brighter than the saturation cutoff in the SDSS system 



Table 1. The 23 Stetson fields that overlap with the SDSS DR4 
sky coverage, and the number of matched stars. 



Fields 


Stetson Stars 


Matches" 


L92 


214 


138 


L95 


427 


250 


NGC2419 


1 188 


520 


NGC2420 


188 


54 


NGC2683 


27 


7 


PG0918 


122 


53 


L101 


118 


67 


Leo I 


1840 


508 


PG 1047 


67 


36 


NGC5194 


39 


3 


NGC5272 


432 


111 


NGC 5466 


29 


3 


L106.550 


16 


5 


Pal 5 


65 


48 


L107 


729 


490 


Pal 14 


163 


116 


Draco 


529 


256 


L112 


74 


26 


NGC 7078 


967 


114 


NGC 7089 


377 


26 


L113 


484 


320 


PG2213 


36 


16 


Pegasus 


38 


28 


Total 


8169 


3195 



" with clean photometry 



(r a* 14). Nonetheless, the Landolt stars are valuable particu- 
larly for the transformation of the U -band photometry as we 
will see later. 

The problem of the reduced number of stars in common 
between the Landolt catalog and the SDSS due to saturation 
is alleviated by the e xtension of La ndolt's standard stars to 
fainter magnitudes bv lStetsoi] (J2QO0). Stetson used a large set 
of multi-epoch CCD observations centered on Landolt fields 
and other regions in the sky and reduced them in a homoge- 
neous manner tied to the Landolt UBVRI system. The larger 
area coverage and greater sensitivity of the CCD observations 
as compared to the earlier photomultiplier observations per- 
mitted Stetson to include stars down to V s 19 or 20. Since 
2000, Stetson has been publishing a gradually growing list 
of suitable faint stars dStetsonll200 0) with repeat observations 
at the website of the Canadian Astronomy Data Center 1 . The 
Stetson catalog contains only stars that were observed at least 
five times under photometric conditions and the standard er- 
ror of the mean magnitude is less than 0.02 mag in at least 
two of the four filters. Stetson's data base also contains fields 
not covered by Landolt, e.g., fields in globular clusters and in 
nearby resolved dwarf galaxies. While Landolt's original fields 
contained mainly Population I stars, Stetson's new fields also 
include a sizable fraction of Population II stars. 

For our work the Stetson fields published as of January 
2005 were used. As most of the SDSS DR4 sky coverage is 

1 http://cadcwww.dao.nrc.ca/standards/ 
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in the northern part of the sky, it was straightforward to select 
those fields from the Stetson catalog that overlap with the SDSS 
DR4: 30 fields were identified and all stars available from the 
SDSS DR4 database within these fields were downloaded. For 
the subsequent matching and calculation of transformation re- 
lations only SDSS stars with clean photometry were used. The 
combination of flags describing the clean photometry can be 
found on the SDSS DR4 webpage 2 . This flag combination ex- 
cludes stars whose photometry may be questionable for a num- 
ber of reasons, e.g., due to saturation, overlaps with other ob- 
jects (blends), location at the edge of a frame, large errors in 
fitting a point spread function, etc. 

We then matched the Stetson stars and the SDSS stars by 
their coordinates. The coordinates of the stars in DR4 are mea- 
sured with an accuracy of less than 0.1" rms per coordinate 
jAdelman-McCarthv et alJ20 06). In the Stetson catalog the co- 
ordinates are published with an accuracy of 0.15" for the right 
ascension and 0.1" for the declination. Two stars - one from 
each sample - are considered equal if their angular separation 
is smaller than 0.5": V(«i - a 2 ) 2 cos(5i) 2 + (Si - <5 2 ) 2 < 0.5", 
where a and 6 stand for the right ascension and declination of 
the stars in arcsec. 

Although the matching radius was chosen generously we 
do not find a matching SDSS star for each Stetson star (see 
Table 0. The clean photometry rule removes between 30 and 
40 percent of our initial star sample. Furthermore, the SDSS 
photometric pipeline only detects a reduced number of stars 
in crowded fields. This affects in particular fields in globu- 
lar clusters such as NGC 2419, NGC 5272, NGC 5466, NGC 
7078, and NGC 7089, and fields with luminous extended galax- 
ies such as NGC 2683. For fields with a very high degree of 
crowding, no SDSS data are available since these fields were 
intentionally omitted during the pipeline reduction process. 
Owing to these limitations, our original number of 30 common 
fields is actually reduced to 23 fields in which common stars 
in Stetson's and the SDSS catalogs could be identified. Fields 
without any common stellar objects with clean photometry in- 
clude regions centered on the galaxies M81, NGC 4526, and 
NGC 4736, on the globular clusters M5 and M13, and on fields 
with stars that are all saturated in the SDSS like LI 14-750. In 
Table ^ the number of matches for each of the remaining 23 
fields is listed. In Fig.|2]we plot the R magnitude of Stetson stars 
against their photometric error and the r magnitude of SDSS 
stars against their photometric error in order to illustrate how 
many stars we lose in the matching process. The Stetson stars 
are all brighter than 20'' 1 magnitude, but at the same time the 
brightest SDSS stars with clean photometry are of 14'' ! magni- 
tude. Possible matches between stars in the Stetson and in the 
SDSS database will therefore lie within this magnitude interval 
(see dashed vertical lines in Hig - . 

Since Stetson's fields do not include U -band photometry in 
the fields that overlap with the SDSS, we complemented the 
Stetson data by standard stars from Landolt llLandoltl ll992). 
our third data source. Only 54 stars from the Landolt catalog 
overlap with the DR4 sky coverage and have clean photometry 



2 http://cas.sdss.Org/astrodr4/en/help/docs/sql_help.asp#clean 
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Fig. 2. For field L95 we plot the R magnitude of Stetson's stan- 
dard stars (dark gray triangles) and the r magnitude of the 
SDSS stars (black crosses) against their photometric errors. 
The light gray crosses are those SDSS stars with clean photom- 
etry. The vertical dashed lines indicate the magnitude intervall 
in which possible matches in field L95 will lie. 

in the SDSS, hence transformations involving U are necessarily 
based on a small subsample of stars. 

2.2. Becker's RGU system 

Our fourth source of data is the "new Basel high-la titude 
field star survey" .Buser & Kaserll985_lBuser et all 19981) . The 
fourteen fields of the Basel high-latitude fiel d star survey are al l 
specified by a pair of galactic coordinates jBuser et al.l [l998 ). 
These coordinates are not consistently defined and do not nec- 
essarily mark the center of the field. In most of the fields, they 
mark one of the corners. Three fields completely overlap with 
the SDSS DR4 sky coverage and six others have a partial over- 
lap. The other five fields do not lie in the region of the sky 
that the SDSS DR4 has scanned. For deriving transformations, 
those two of the completely overlapping fields were used that 
had the best photometric quality. Table[2]lists the two fields and 
the number of found matches. The sample for the second set of 
transformations contained a total of 775 stars. 

The Basel survey does not list coordinates of the stars in its 
fields, so they were matched visually using the Basel finding 
charts. In these prints of the photographic plates each measured 
star is marked with its catalog number, making the identifica- 
tion of stars in common with the SDSS a rather tedious enter- 
prise. Not for all Basel stars a matching partner was found. The 
SDSS CCD photometry has higher resolution than the photo- 
graphic plates of the Basel survey. In some cases, the SDSS 
recognized an object as a galaxy, whereas in the Basel survey 
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Table 2. The two fields from the new Basel Catalog that overlap 
with the SDSS DR4 sky coverage, and the number of matched 
stars. 



Fields 


Stars in Basel 


Matches" 


SA94 


1239 


545 


SA107 


532 


230 


Total 


1771 


775 



" with clean photometry 

it was treated as a star. In other cases, there was simply no star 
in the SDSS where Basel detected one. Occasionally the SDSS 
detected a fainter object within a radius of 1" to 3" of the dom- 
inant star, whereas in the Basel catalog only one source was 
detected. In all those cases these stars were deleted from our 
sample in order to ensure that only reliable photographic pho- 
tometry was included. Moreover, we only used SDSS sources 
with clean photometry. 

3. Results 

3.1. Transformations between SDSS and 
Johnson-Cousins Photometry 

The transformation between the Johnson-Cousins UBVRI pho- 
tometry system and the SDSS ugriz system was carried out us- 
ing the following eight general equations: 



g-V 


= a l (B-V) + b l 


(1) 


r — i 


= a 2 (R-I) + b 2 


(2) 


r - z 


= a 3 (R-I) + b 3 


(3) 


r-R 


= a A {V-R) + b A 


(4) 


u-g 


= a 5 ( U-B) + b 5 ( B -V) + c 5 


(5) 


g-B 


= «6 (B -V) + b b 


(6) 


g-r 


= a 1 {V-R) + b 1 


(7) 


i-I 


= a s (R-I) + b s 


(8) 



Not for all of the standard stars in Stetson's catalog mea- 
surements in all four bands (BVRI) are available, hence the 
number of stars used differed somewhat depending on the fil- 
ters used in the transformation equation. We calculate in all but 
one case transformations depending on one color only. For the 
u-g equation two colors are used since the SDSS g passband 
overlaps with the Johnson B and V passband, so a dependence 
on (B - V) can be expected, and more importantly, the variation 
in position of the stellar locus owing to temperature, surface 
gravity, and metall icity is particularly large in this wave length 
range (e.g JGrebel & Roberts! lfl993): lLenz et al.Ml998h V 

3.1.1. 'Global' transformations between UBVRI and 
ugriz 

In Fig. [3] the colors specified on the left-hand side and on 
the right-hand side of our transformation equations are plotted 
against each other for all the stars used in each of the transfor- 
mations. The resulting linear relations are plotted as solid lines. 



With the exception of the (r - R),(V - R) transformation (equa- 
tion 4), which exh ibits a pronounced slope change (see also 
iFukugita et alJ Jl996l) '). the relations are linear to first order. In 
Table the resulting coefficients for the 'global' transforma- 
tions are listed. 

Here 'global' means that the entire star sample described 
above was used for the calculation without differentiating be- 
tween potential Population I and Population II stars. The coef- 
ficients were calculated using least-squares minimization. The 
individual stars are weighted according to their formal photo- 
metric error. In Fig.@]the deviations between the measured and 
the calculated magnitudes and colors are shown. The deviations 
get bigger for fainter magnitudes. 

3.1.2. Metallicity-dependent transformations between 
BVRI and griz 

The influence of metallicity on the transformation was in- 
vestigated to the extent possible with the available standard 
star fields. One of the Stetson fields covers part of the Draco 
dwarf spheroidal galaxy. The majority of the stars from this 
Milky Way companion has a very low metallicity: Draco' s 
mean metallicity is [Fe/H] ~ -2.0 dex JGrebel et alJl2003h . 
Moreover, Stetson and the SDSS provide photometry for 
the surroundings of the similarly metal- poor globular clus- 
ters NGC2419 (-2.12 dex accordin g to lHarrisI S\996)) and 
NGC 7078 (-2.26 dex: lHarris I (119961) 1 Probable member stars 
of these three objects were selected based on their color- 
magnitude diagrams. This provides us with a metal-poor sam- 
ple of ancient Population II stars. We may assume that the ages 
of the three old obj ects are com parable within the measurement 
accuracy (see also lGrebel & Gallagher (2004)). 

In contrast, the metallicity of the stars in Landolt's equato- 
rial fields is not known. We may assume that many of them be- 
long to the Galactic disk, that Population I stars dominate, and 
that they have a range of metallicities. Presumably the metallic- 
ity of these stars is comparatively high and may reach values up 
to solar. Our old, metal-poor Population II subsample and our 
more metal-rich Population I subsample allow us to empirically 
assess a possible impact of metallicity on photometric transfor- 
mations. Here our calculations involve only BVRI (equations 1 
to 4 and 6 to 8). For equation 5, a distinction between metal- 
poor and metal-rich stars was not possible because of the lack 
of U -band photometry. This is unfortunate since colors includ- 
ing U or u are particularl y sensitive to stellar param e ters includ- 
ing metallicity (see, e.gJGrebel & Roberts! & 19951) ; iLenz et all 
dl998l) : lHelmi et alJll2003l) 1. 

In Table |4] the resulting equations are listed. The resulting 
linear relations are plotted in Fig. [5] While the metal-rich stars 
are distributed fairly evenly across a wide range of colors, the 
metal-poor stars are concentrated within a fairly small range 
of colors corresponding mainly to the locus of the red giant 
branch. There are no metal-poor stars in our Population II sam- 
ple with colors redder than (V - R) = 0.93. In the diagrams 
including (R - I) the locus of the Population I stars is shifted 
towards somewhat bluer (r~z) and (r— z) colors as compared to 
the Population II stars. The coefficients of the linear transfer- 
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Table 3. Coefficients of the 'global' transformations between UBVRI and ugriz (equations 1-8) 



Color 


Color Term 


Zeropoint 


Range 


g-v 


(0.630 ± 0.002) (B - V) 


-(0.124 ±0.002) 




r — i 


(1.007 ± 0.005) (R-I) 


-(0.236 ± 0.003) 




r - z 


(1.584 ±0.008) (R-I) 


-(0.386 ± 0.005) 




r-R 


(0.267 ± 0.005) (V-R) 


+(0.088 ± 0.003) 


V-R<0.93 


r-R 


(0.77 ± 0.04) (V - R) 


-(0.37 ± 0.04) 


V-R>0.93 


U-g 


(0.750 ± 0.050) (U - B) + (0.770 ± 0.070) (B - V) 


+(0.720 ± 0.040) 




g-B 


-(0.370 ± 0.002) (B - V) 


-(0.124 ±0.002) 




g-r 


(1.646 ± 0.008) (V-R) 


-(0.139 ±0.004) 




i-I 


(0.247 ± 0.003) (R - I) 


+(0.329 ± 0.002) 





mation relations (solid lines in Fig.|5Jl result in slightly different 
slopes for metal-rich and metal-poor stars. At the main stellar 
locus, these deviations are less than the observed scatter in the 
colors of the stars in the two samples. Owing to the large scat- 
ter in the (r - R),(V - R) and (i - I),(R - I) diagrams, little can 
be said about possible trends here. 

3.1 .3. Comparison between our transformations and 
earlier work 

We compared our 'global' transf o rmations with transforma- 
tion s published by iFukugita et alJ dl996l). ISmifh et all J2002h 
and iKaraali et all d2005l) . iFukudta et all dl996l) used syn- 
thetic magnitud es fro m the spect rophotometric atlases of 
iGunn & Strvkerl d 1983b and oflOkd dl990l) for their transfor- 
mations. Tsmithet alJ J2003) presented transformations based 
on actually measured magnitudes of 158 SDSS standard stars. 
Their measurements were not done with the 2.5-m SDSS 
telescope, but with the 1.0-m teles cope a t the US Naval 
Observatory, Flagstaff Station. Karaa het alJ d2005l) were the 
first to do transformations depending on two colors. F or their 
transformations they used 25 1 stars of lLandolil d 19921) for the 
UBV data and data from the CASU INT Wide Field Survey 
measured in filters close to the SDSS ugr passbands. In Fig. [6] 
the color-color plots show our transformation relations, which 
are based directly on the 2.5-m SDSS data, in comparison with 
the previously published transformations listed above. 

As Fig.[6]demonstrates, for the (B - V) transformation (up- 
per left panel and equation 1) the earlier transformations lie 
below our star distribution and have a slightly different slope. 
For the (R - 1) transformation in equation 2 (upper right panel) 
our data do not support a change of slope for red colors as sug- 
gested in the previous studies. The distribution gets broader for 
R-I > 115, and the Fuk ugita et ail d 19961) and ISmifh etail 
(2002) transformations represent the upper half of the distribu- 
tion whereas our fit reproduces the average of the stellar locus. 
For equation 3 (lower left panel) the earlier studies and our 
work show close agreement. Transformati ons fo r (u - g) (equa- 
tion 5 ) were calculated by Smi th et alJ (|2002), Karaali et al. 
d2005l) . and by us. Smith et al.'s equation differs from the others 
because it only depends on one color. The lower right diagram 
in Fig.[6]shows the deviation between the measured (u-g) color 
and the calculated (u - g) color. The one-color transformations 
by Smith et al. do not reproduce the colors of the combined 
Landolt and Stetson samples very well. The transformation by 



Karaali et al. resembles our result in spite of the somewhat dif- 
ferent filter-telescope combinations. 

3.2. Transformations between SDSS and RGU 
Photometry 

For the transformation between the RGU system and the SDSS 
ugriz system we defined the following three equations: 

U-G = a l (u-g) + b l (9) 
G-R = a 2 (g-r) + b 2 (10) 
G = a 3 g + b 3 (11) 

The stars of our SDSS-RGU sample show a relatively large 
scatter in the color planes. One of the reasons for the scatter 
is the lower photometric accuracy of the photographic data as 
compared to modern CCD data, namely typical internal un- 
certainties of err, - 0.05, cr c _ s = 0.07, and <X[/-c = 0.08 
dBuser et alJll998i) . Some of our 775 common stars lie far off 
the broad, mean stellar loci. Since the resolution of the pho- 
tographic data is relatively low, these deviant points are most 
likely false matches or blends in the photographic photometry. 
We thus removed them from our sample before we calculated 
the transformation relations. For this set of transformations we 
used the same procedure as before. The coefficients are listed 
in Table|3 

In Fig. in the upper three panels the distribution of the 
stars in the color planes is shown, and the calculated transfor- 
mations are plotted as straight lines. Given the larger scatter, 
it is not surprising that the uncertainties of the coefficients are 
now larger than for the UBVRI transformations. Moreover, the 
stellar data exhibit some wiggles, which we attribute to a non- 
linear response of the photographic plates used in the Basel sur- 
vey. Especially for the (u - g) transformation the nonlinearity 
appears to be a problem. We investigated whether we could im- 
prove the transformation relations by making them dependent 
on two color terms instead of one, but this yielded no noticeable 
improvement. 

4. Discussion 

We presented empirical color transformations for the conver- 
sion of the SDSS ugriz photometric system into the Johnson- 
Cousins UBVRI system and into Becker's RGU system, respec- 
tively. These are the first transformations between the SDSS 
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R-l 



Fig. 3. The 'global' transformations between UBVRI and ugriz- The solid black line is the best-fit relation. Its coefficients are 
listed in Table|3] 



and the Becker system, whereas several earlier transforma- 
tions between variants of the SDSS and of the Johnson-Cousins 
system have been published. For the Johnson-Cousins conver- 
sions, the novelty of our approach lies in the use of actual SDSS 
data obtained with the 2.5-m SDSS telescope at Apache Point 
Observatory and the use of well-defined Johnson-Cousins stan- 
dard s tars taken from the lists of lLandoltl dl992h and IStetsonl 
(2000). For all transformations linear relations were found to 
be sufficient, with a slope change in transformations involving 
(V-R). 

A comparison with previously published transformations 
shows that they qualitatively reproduce our transformations, 
but that they show systematic differences that may amount to 
~ 0.1 mag. This is due to the fact that the earlier transforma- 
tions were either done with data that used other filter-detector- 
telescope combinations than that of the actual 2.5-m SDSS tele- 
scope and therefore differ intrinsically from the actual SDSS 



data, or that the data are based on early versions of the SDSS 
photometry catalogs before the SDSS photometry was in its fi- 
nal form, or that non-standard Johnson-Cousins data were used. 

For conversions between the SDSS and the Johnson- 
Cousins systems, we tested the transformations for a possible 
metallicity dependence. Some of the Stetson standard stars lie 
in a field centered on the Draco dwarf spheroidal galaxy or on 
metal-poor (~ -2.0 dex) globular clusters. Most of the stars 
in these fields are Population II stars and have much lower 
metallicities than the majority of the stars in Landolt's equa- 
torial standard fields, where Population I stars dominate. The 
latter sample necessarily comprises stars with a range of ages 
and abundances, while our Population II sample is essentially 
limited to very old and very metal-poor stars. The calculated 
coefficients for the metal-poor stars result in slightly different 
slopes as compared to the more metal-rich stars, which affect 
very blue and very red stars most. Although our metallicity 
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Fig. 4. The deviations of the measured magnitude and color values from the calculated values is shown, using the notation 
A m a g nitude = (magnitude) meajl(rel / - (magnitude^flfcu/a,^. For the magnitudes B, V, and R the deviations are smaller than for the 
three colors (r - i), (r - z), and (g - r). 

Table 4. Metallicity-dependent transformations between BVRI and griz for metal-poor Population II and more metal-rich 
Population I stars. 



Color 


Color Term 


Zeropoint 


Validity 


8 


- V 


(0.634 ± 0.002) (B - V) 


-(0.127 ±0.002) 


Population I 


g 


- V 


(0.596 ± 0.009) (B - V) 


-(0.148 ± 0.007) 


metal-poor Population II 


r 


— i 


(0.988 ± 0.006) (R - I) 


-(0.221 ±0.004) 


Population I 


r 


— i 


(1.06 ±0.02) (R-I) 


-(0.30 ±0.01) 


metal-poor Population II 


r 


- z 


(1.568 ±0.009) (R-I) 


-(0.370 ± 0.006) 


Population I 


r 


- z 


(1.60 ±0.06) (R-I) 


-(0.46 ± 0.03) 


metal-poor Population II 


r 


-R 


(0.275 ±0.006) (V-R) 


+(0.086 ± 0.004) 


V-R<0.93; Population I 


r 


-R 


(0.71 ± 0.05) (V-R) 


-(0.31 ±0.05) 


V - R > 0.93; Population I 


r 


-R 


(0.34 ± 0.02) (V-R) 


+(0.015 ±0.008) 


V - R < 0.93; metal-poor Population II 


g 


-B 


-(0.366 ± 0.002) (B - V) 


-(0.126 ±0.002) 


Population I 


g 


-B 


-(0.401 ± 0.009) (B - V) 


-(0.145 ±0.006) 


metal-poor Population II 


g 


— r 


(1.599 ± 0.009) (V-R) 


-(0.106 ±0.006) 


Population I 




— r 


(1.72 ± 0.02) (V - R) 


-(0.198 ± 0.007) 


metal-poor Population II 


i 


-I 


(0.251 ±0.003) (R-I) 


+(0.325 ± 0.002) 


Population I 


i 


-1 


(0.21 ±0.02) (R-I) 


+(0.34 ±0.01) 


metal-poor Population II 



Table 5. Coefficients of the transformations between ugriz and RGU (equations 9-1 1) 



Color 


Color Term 




Zeropoint 


U-G 


(0.95 ±0.01) (u - 


g) 


+0.16 ±0.02 


G-R 


(1.07 ±0.02) (g- 


r) 


+0.64 ± 0.02 


G 


(0.989 ± 0.005) g 




00.37 ± 0.08 



differentiation is quite crude, there does seem to be a slight 
dependence of the transformations on the metallicity. A more 
accurate separation into metal-rich and metal-poor stars - ide- 
ally aided by spectroscopically measured stellar abundances - 
is needed to fully evaluate the magnitude of this trend. 
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Fig. 5. The metallicity-dependent transformations. The solid black line is the fit for metal-poor Population II stars (black dots). 
The solid gray line is fit for the Population I stars (gray dots). The coefficients of the best-fit curves are given in Table|4] 
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